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not	 be	 appropriate	without	 incorporating	 potential	 population-	specific	 response	 to	
introduced	species.
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1  | INTRODUCTION








for	 threatened	 native	 species	 resulting	 in	 increased	 abundance	 for	
these	 native	 species	 (King,	 Ray,	 &	 Stanford,	 2006;	 Tablado,	 Tella,	
Sánchez-	Zapata,	 &	 Hiraldo,	 2010).	 On	 the	 other	 hand,	 introduced	
species	more	often	 threaten	 local	biodiversity	 through	pathogen	 in-








lower	 social	 status	 species	 disproportionately	 (Gilmour,	 DiBattista,	 &	
Thomas,	2005),	and	the	effects	of	interspecific	competition	are	similar	
to	 those	associated	with	a	 chronic	 stress	 response,	 that	 is,	 decreased	






and	 its	 tributaries	has	been	proposed	 as	 a	 significant	barrier	 to	 the	
successful	 reintroduction	 of	 Atlantic	 salmon	 (Salmo salar)	 (Jones	 &	
Stanfield,	 1993;	 Scott,	 Poos,	 Noakes,	 &	 Beamish,	 2005).	 Atlantic	
salmon	was	a	native	species	in	Lake	Ontario	until	extirpated	in	the	late	
1800s,	 and	decades	of	 reintroduction	 efforts	 have	been	 largely	 un-
successful	(Dimond	&	Smitka,	2005).	A	number	of	non-	native	salmo-
nid	species	(Chinook	salmon	Oncorhynchus tshawytscha,	coho	salmon	
O. kisutch,	 rainbow	 trout	 O. mykiss,	 and	 brown	 trout	 S. trutta)	 have	
been	 successfully	 introduced	 into	 Lake	Ontario	 to	 address	 the	 rec-
reational	demand	for	large	salmonid	sport	fishes	(Stewart	&	Schaner,	
2002).	Some	of	the	established	non-	native	species,	such	as	rainbow	
trout	 and	 brown	 trout,	 tend	 to	 be	 more	 aggressive	 than	 Atlantic	









petition	 in	natural	 stream	sites	are	similar	 to	 those	demonstrated	 in	
artificial	habitats,	as	observed	for	Atlantic	salmon	with	rainbow	trout	
(Houde	et	al.,	2016).	Furthermore,	although	juvenile	Chinook	salmon	
were	 found	 to	have	no	negative	effects	on	 juvenile	Atlantic	 salmon	












In	 particular,	 changes	 in	 gene	 expression	 are	 the	mechanisms	 asso-




(Narum	 &	 Campbell,	 2015),	 pollution	 exposure	 (Whitehead,	 Triant,	
Champlin,	&	Nacci,	2010),	and	salinity	(Brennan,	Galvez,	&	Whitehead,	
2015),	 most	 transcriptional	 studies	 using	 biotic	 stressors	 have	 fo-




interspecific	 competition	 (and	 differences	 among	 populations)	 have	
not	been	reported	for	any	organism.
In	 this	 study,	we	reared	Atlantic	 salmon	with	each	of	 three	eco-
logically	similar	non-	native	salmonids	(Chinook	salmon,	rainbow	trout,	
and	brown	trout)	which	are	established	in	Lake	Ontario.	We	used	two	
Atlantic	 salmon	 populations	 (LaHave	 and	 Sebago)	 to	 examine	 tran-
scriptional	 responses	 to	 interspecific	 competition.	These	 two	popu-
lations	 are	being	used	 for	 reintroduction	 into	Lake	Ontario	because	
they	have	been	 successfully	 introduced	 into	other	 lakes	 (Dimond	&	
Smitka,	 2005).	 Our	 goal	 was	 to	 compare	 population	 differences	 in	
transcriptome	 response	 of	Atlantic	 salmon	 to	 interspecific	 competi-
tion	with	non-	native	salmonids,	to	characterize	the	molecular	genetic	
mechanisms	underlying	differential	 tolerance	of	biotic	 stress	caused	
by	 interspecific	 competition.	We	 collected	 samples	 after	 10	months	
of	common	rearing	(competition)	in	artificial	streams	with	four	treat-
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treatments:	Atlantic	salmon	reared	alone	and	Atlantic	salmon	reared	
with	 one	 of	 three	 salmonids	 (Chinook	 salmon,	 rainbow	 trout,	 and	
brown	trout).	All	fish	used	in	this	study	were	provided	by	the	Ontario	
Ministry	 of	 Natural	 Resources	 and	 Forestry	 (OMNRF).	 Fish	 were	
produced	 from	 fertilizations	 in	 fall	 2011	 (Atlantic	 salmon,	 Chinook	
salmon,	 and	brown	 trout)	 and	 spring	2012	 (rainbow	 trout).	Atlantic	
salmon	 eggs	were	 reared	 at	OMNRF	Codrington	 Research	 Facility,	
and	 fry	 of	 the	 other	 three	 species	 were	 transferred	 to	 Codrington	
in	 spring	of	 2012.	 Fish	 from	 the	 four	 salmonid	 species	were	 trans-
ferred	to	artificial	stream	tanks	in	September	2012,	and	the	interspe-
cific	competition	experiment	was	conducted	until	July	2013.	Initially,	
there	were	 32	Atlantic	 salmon	 in	 each	 of	 the	 tanks	where	Atlantic	




using	 an	overdose	of	buffered	MS-	222.	We	collected	 spleens	 from	
the	juvenile	Atlantic	salmon	and	stored	them	in	RNAlater.	We	chose	
to	sample	spleen	tissue	for	this	study	because	the	spleen	is	sensitive	




RNA	was	 extracted	 from	 spleen	 tissue	 using	 Trizol	 (Invitrogen,	CA,	
USA)	following	the	manufacturer’s	instructions.	The	quality	and	con-
centration	of	RNA	were	checked	using	Agilent	RNA	6000	Nano	Kit	
in	 an	 Agilent	 2100	 Bioanalyzer	 (Agilent	 Technologies,	 Mississauga,	
ON,	 Canada).	We	 selected	 RNA	 samples	 with	 RNA	 integrity	 num-
ber	(RIN)	>7.0	from	four	Atlantic	salmon	individuals	within	the	same	






sequencing.	We	pooled	 samples	of	 four	 fish	 to	minimize	 the	effect	
of	individual	transcriptional	variation	and	focus	on	the	general	influ-
ence	 of	 interspecific	 competition	 on	 the	 transcriptome	 of	 Atlantic	











(i.e.,	 Phred	quality	 score	>	20)	were	mapped	 to	 the	Atlantic	 salmon	
genome	(NCBI	accession	no.:	AGKD00000000.3)	using	Bowtie	1.1.1	









tained	 from	 local	 blastx	 were	 loaded	 into	 Blast2GO	 (Conesa	 et	al.,	
2005)	for	GO	term	mapping	and	annotation.

















(Atlantic	 salmon	alone)	within	each	population.	The	 functional	 cate-
gorization	of	 significantly	 differentially	 expressed	genes	 in	 response	
to	 interspecific	competition	was	plotted	using	BGI	WEGO	(Ye	et	al.,	
2006).




Atlantic	 salmon	 reared	 alone	 sample	 1),	 LaBT	 (LaHave	 Atlantic	
salmon	 reared	with	 brown	 trout),	 SeAS1	 (Sebago	Atlantic	 salmon	





from	each	of	 the	 four	pooled	samples	 in	 four	 treatments:	LaHave	
reared	 alone,	 LaHave	 reared	 with	 brown	 trout,	 Sebago	 reared	
alone,	and	Sebago	reared	with	brown	trout.	For	each	individual,	we	
had	 three	 technical	 replicates.	 TURBO™	 DNase-	treated	 RNA	was	
used	 for	 cDNA	 synthesis	 using	 the	High-	Capacity	 cDNA	Reverse	
Transcription	 Kit	 (Applied	 Biosystems,	 Burlington,	 ON,	 Canada).	
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The	 cDNA	 samples	 were	 diluted	 1:10	 for	 qRT-	PCR	 analysis.	 The	







3.1 | Sequencing summary and reads mapping
The	RNA-	Seq	data	have	been	submitted	to	the	NCBI	SRA	database	
(SRA	accession:	SRP080309).	In	total,	we	obtained	approximately	320	








3.2 | Principle component analysis and 
distance heatmap




PC2	 primarily	 reflected	 variation	 among	 competition	 treatments.	
However,	 clear	 population-	specific	 responses	 to	 competition	 were	
evident.	 For	 example,	 competition	 with	 rainbow	 trout	 resulted	 in	
the	 largest	 transcriptional	 response	 in	the	LaHave	population,	while	
competition	with	brown	 trout	 resulted	 in	 the	 largest	 transcriptional	
response	in	the	Sebago	population.
Within	each	population,	Atlantic	salmon	responded	differently	to	
competition	with	 the	 three	 introduced	 salmonid	 species	 (Figures	1b	
and	 c).	 The	 LaHave	 Atlantic	 salmon	 reared	 with	 Chinook	 salmon	
showed	a	different	transcriptome	response	compared	to	the	LaHave	
Atlantic	 salmon	 reared	with	 rainbow	trout	along	both	PC1	and	PC2	
(Figure	1b).	The	Sebago	Atlantic	salmon	reared	with	Chinook	salmon	
showed	 a	 similar	 transcriptome	 response	 to	 the	 Sebago	 Atlantic	
salmon	 reared	with	 rainbow	 trout,	 and	 the	 Sebago	Atlantic	 salmon	
under	these	two	treatments	showed	different	transcriptome	response	
compared	to	the	Sebago	reared	with	brown	trout	(Figure	1c).





trout	 and	with	 brown	 trout	 clustered	 together.	Within	 the	 Sebago	
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salmon,	 brown	 trout,	 and	 rainbow	 trout,	 respectively	 (Figure	3).	
Within	the	Sebago	population,	there	were	131,	384,	and	191	genes	
that	responded	to	competition	with	Chinook	salmon,	brown	trout,	
and	 rainbow	 trout,	 respectively	 (Figure	3).	 Within	 LaHave,	 there	
were	10	genes	that	exhibited	a	significant	response	to	all	three	in-
terspecific	 competition	 treatments	 (Figure	 S1a;	 Table	 S3).	Within	
Sebago,	 there	were	nine	genes	 that	 responded	significantly	 to	all	
three	interspecific	competition	treatments	(Figure	S1b;	Table	S4).




in	 both	 populations,	 20	 showed	 the	 same	 trend	 of	 regulation	
of	 gene	 expression	 (Table	 S5).	 Among	 the	 13	 genes	 showing	 a	
common	response	to	competition	with	brown	trout	 in	both	pop-
ulations,	 three	 showed	 the	 same	 trend	 of	 regulation	 (Table	 S6).	





ing	 genes	were	 involved	 in	 similar	 functional	 groups	 in	 the	 two	
study	populations	(Figure	S2).
3.4 | Comparison between gene expression level 
revealed by qRT- PCR and RNA- seq
We	quantified	transcription	at	14	genes	in	12	fish	from	four	treat-
ments	 (LaHave	 reared	 alone,	 LaHave	 reared	 with	 brown	 trout,	
Sebago	 reared	 alone,	 and	 Sebago	 reared	with	 brown	 trout)	 using	




The	 establishment	 of	 non-	native	 species	 can	 negatively	 affect	 the	
fitness	of	 less	aggressive	native	species	(Fausch,	2007;	Turek,	Pegg,	
&	 Pope,	 2013).	While	 gene	 expression	 response	 to	 many	 environ-
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of	Atlantic	salmon,	while	competition	with	Chinook	salmon	had	no	
negative	effects	(Houde	et	al.,	2015a;	Van	Zwol	et	al.,	2012).	In	this	
study,	we	 found	 that	Atlantic	 salmon	had	 fewer	 genes	 responding	
to	competition	with	Chinook	salmon	than	to	competition	with	rain-
bow	 trout	 or	 brown	 trout.	 The	 larger	 transcriptional	 responses	 to	
rainbow	trout	and	brown	trout	were	expected	because	 these	spe-
cies	tend	to	be	more	aggressive	than	Atlantic	salmon,	while	Atlantic	
salmon	 tend	 to	be	as	 aggressive	 as	Chinook	 salmon	 (Houde	et	al.,	
2015a;	Van	Zwol	 et	al.,	 2012).	We	 also	 found	 that	 the	 number	 of	
responding	genes	for	Atlantic	salmon	in	the	presence	of	brown	trout	
was	similar	between	populations	(350	in	LaHave	and	384	in	Sebago,	
respectively),	 suggesting	 that	 the	 presence	 of	 brown	 trout	 affects	
both	Atlantic	salmon	populations	similarly	at	the	transcriptome	level.	










Among	 competition	 treatments	within	 each	 population,	 LaHave	
Atlantic	salmon	reared	with	rainbow	trout	had	the	highest	number	of	
genes	 showing	a	 significant	 response,	while	Sebago	Atlantic	 salmon	
reared	with	brown	trout	had	the	most	responding	genes.	Unlike	pre-
vious	 results	 for	 the	 effects	 of	 interspecific	 competition	 on	 fitness-	
related	 traits	which	concluded	 that	brown	 trout	 is	 the	most	 serious	





viving	Atlantic	 salmon	 in	 this	 study.	Thus,	 transcriptomic	 tools	may	
be	more	sensitive	to	interspecies	competition	effects	than	commonly	
used	fitness-	related	phenotypic	traits.
Shared	 responding	 genes	 in	 the	 two	 populations	 likely	 reflect	
conserved	transcriptional	responses	and	may	thus	be	used	as	can-
didate	 genes	 in	 other	 systems	 for	 interspecific	 competition	 stud-
ies.	 In	 response	 to	 competition	 with	 Chinook	 salmon,	 five	 genes	
encoding	 apolipoproteins	 consistently	 showed	 downregulation	 in	
both	 populations.	 Apolipoproteins	 play	 an	 important	 role	 in	 lipid	
metabolism	 via	 lipid	 transport	 (Li,	 Tanimura,	 Luo,	 Datta,	 &	 Chan,	
1988).	 In	 response	 to	 competition	with	 rainbow	 trout,	 two	 soma-
tostatin	genes	and	the	glucagon 1	gene	showed	downregulation	 in	





tration	 (Quesada,	Tudurí,	Ripoll,	&	Nadal,	2008).	Our	 results	 show	
that	 interspecific	 competition	 downregulates	 metabolic	 genes	 of	
Atlantic	salmon	which	are	related	to	lipid	and	glucose	metabolism.	







also	 reflected	at	 the	gene	 functional	 categorization	of	 the	 respond-
ing	genes.	Although	 the	overlap	 in	 the	 specific	genes	 responding	 in	
the	two	populations	is	low,	the	similarity	in	GO	terms	of	differentially	
expressed	genes	indicates	that	they	may	have	evolved	different	gene	
networks	 to	achieve	 the	 same	 results.	This	 also	highlights	 the	need	
for	a	transcriptome	approach	to	study	population	differences	in	stress	
response	 as	 populations	 can	 use	 different	 pathways	 to	 achieve	 the	
same	outcome.
Populations	 can	 have	 stress	 response	 differences	 due	 to	 their	
different	 evolutionary	 histories	 (He,	 Johansson,	 &	 Heath,	 2016),	
and	those	differences	at	the	gene	expression	level	can	deepen	our	
understanding	 of	 stress	 tolerance	 differences.	Within	 the	 Sebago	
population,	six	genes	consistently	showed	downregulation	in	com-
petition	 with	 three	 non-	native	 salmonids.	 Among	 the	 six	 genes,	
three	 are	 somatostatin	 genes.	 Somatostatin	 has	 been	 reported	
to	 regulate	 social	 behavior	 in	 cichlid	 fish	 (Astatotilapia burtoni) 
(Trainor	 &	 Hofmann,	 2006),	 with	 dominant	 males	 having	 larger	
somatostatin-	containing	neurons	 and	higher	 expression	of	 the	 so-
matostatin	 and	 somatostatin receptor 3	 genes	 in	 the	hypothalamus	
relative	 to	 subdominant	males	 (Hofmann	&	Fernald,	2000;	Trainor	
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the	spleen	are	not	clear,	the	downregulation	of	expression	of	these	
genes	in	competition	with	rainbow	trout	in	both	populations	and	in	
competition	with	 the	 three	 species	 in	 the	Sebago	population	may	
be	adaptive	because	of	 the	reported	negative	feedback	regulation	
roles	 of	 somatostatin	 (Gahete	 et	al.,	 2010).	 Among	 the	 six	 genes	
responding	 to	competition	with	 the	 three	non-	native	salmonids	 in	













species	 in	 a	 vertebrate.	We	 found	 both	 similarities	 and	 differences	
in	 transcriptome	 responses	 to	 interspecific	 competition	 for	 the	 two	
Atlantic	 salmon	 populations.	 Overall,	 the	 Sebago	 population	 had	







be	 reflected	 at	 the	 specific	 responding	 genes.	 Transcriptome	 char-
acterization	 can	be	used	 to	quantitatively	 and	 functionally	 evaluate	
differences	among	populations	in	their	response	to	stress,	such	as	in-
terspecific	 competition,	which	provides	objective	criteria	 for	 source	
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